Elementary-modes analysis has become a well-established theoretical tool in metabolic pathway analysis. It allows one to decompose complex metabolic networks into the smallest functional entities, which can be interpreted as biochemical pathways. This analysis has, in medium-size metabolic networks, led to the successful theoretical prediction of hitherto unknown pathways. For illustration, we discuss the example of the phosphoenolpyruvate-glyoxylate cycle in Escherichia coli. Elementary-modes analysis meets with the problem of combinatorial explosion in the number of pathways with increasing system size, which has hampered scaling it up to genome-wide models. We present a novel approach to overcoming this obstacle. That approach is based on elementary flux patterns, which are defined as sets of reactions representing the basic routes through a particular subsystem that are compatible with admissible fluxes in a (possibly) much larger metabolic network. The subsystem can be made up by reactions in which we are interested in, for example, reactions producing a certain metabolite. This allows one to predict novel metabolic pathways in genome-scale networks.
Introduction
The modelling and simulation of large metabolic networks has become an integrative part of systems biology [1] [2] [3] . This has manifold applications in biotechnology and medicine. A central concept in the field of metabolic network analysis is that of EFMs (elementary flux modes) [4] . This concept has seen a wide array of applications in systems biology and metabolic engineering (see [3] for a review). It has been used to find efficient pathways for certain products of interest such as fatty acids in plants [5] , as well as methionine [6] and cyanophycin [7] in bacteria, to estimate the potential increase in molar yields of biotransformations upon knockouts or knockins and thus to find possible targets for the engineering of metabolic networks [7] [8] [9] , and to assess the impact of enzyme deficiencies [10, 11] .
An important achievement in the post-genomic era is the advent of genome-scale metabolic reconstructions. Such large-scale models have been published for a number of organisms, such as Escherichia coli [12] , Corynebacterium glutamicum [13] , Saccharomyces cerevisiae [14] , Arabidopsis thaliana [15] and humans [16] (for the statistics of the increase in the number of completely sequenced genomes and genome-scale metabolic reconstructions, see [17] ). These networks are reconstructed from a number of data sources such as gene sequence comparisons, biochemical assays and proteome and transcriptome data (for a protocol, see [18] The availability of such models provides a completely new quality to the prediction of metabolic pathways. For example, the question whether a stoichiometrically valid route exists between a substrate A and a product B can now be answered much more exhaustively.
To achieve the goal of pathway prediction in genomescale models, a major obstacle needed to be clearedthe combinatorial explosion in the number of EFMs with increasing network size [19, 20] . Thus, owing to constraints in memory and computation time, it is impossible to enumerate all EFMs in such networks. As a consequence, EFM analysis is usually applied to smaller or medium-size networks containing reactions of interest rather than the entire known system. The integration of the model into the remaining system is achieved by defining so-called external species, that is, substances that are considered to be buffered by reactions of the complete system and, hence, are excluded from the steady-state condition. Examples for such species are nutrients such as glucose and cofactors such as ATP, FADH 2 or NADH. In consequence, the subnetwork is considered almost independent of the remaining model. However, the topology of a network can give rise to dependencies between the production and consumption of different external species. In such a case, some EFMs of the subnetwork need to be combined with other EFMs to allow a global steady-state flux or might not even be part of any steady-state flux.
One method for analysing metabolic pathways in largescale networks is by first computing the shortest EFM, the second-shortest and so on [21] . Another promising method, which is capable of taming combinatorial explosion and taking into account the interdependencies between exchange fluxes, will be explained in the following section. 
Elementary flux patterns
Recently, we introduced the method of elementary flux patterns [22] . It explicitly considers the possible fluxes of the entire network, when analysing the steady-state fluxes of a subnetwork ( Figure 1) . A flux pattern is defined to be a set of reactions of the subnetwork that is used in at least one steadystate flux distribution of the entire network. Moreover, we call a flux pattern elementary if there exists no set of other flux patterns whose union is equal to the flux pattern in question. Thus elementary flux patterns correspond to sets of reactions from a specific subnetwork that are compatible with steadystate flux distributions in the entire network. These are found by iteratively solving a mixed-integer linear program that returns elementary flux patterns with an increasing number of constituent reactions. Owing to the properties of elementary flux patterns, their application can, loosely speaking, be considered to be a combination of EFM analysis and flux balance analysis (for the latter, see [23] ).
Owing to their definition, elementary flux patterns allow one to apply concepts building on EFMs to genome-scale metabolic networks without the drawbacks encountered in EFM analysis. Since elementary flux patterns can be mapped to EFMs on the genome scale, it is even possible to analyse 'genome-scale' EFMs (for technical details, see [22] ).
Approximately a decade ago, we determined the EFMs for a network made up of the TCA (tricarboxylic acid) cycle, glyoxylate shunt and several adjacent reactions leading to glutamate, aspartate, alanine and succinyl-CoA in E. coli [4] (Figure 2) . Recently, we re-analysed that scheme using the method of elementary flux patterns. It turned out that ten out of the 16 EFMs determined previously [4] are consistent with at least one steady-state flux in the whole cell. By contrast, all six EFMs producing the external metabolite succinyl-CoA are not. The reason is that succinyl-CoA, if considered in the context of the entire metabolic network, can only be consumed by reactions that require additional substrates that can only be produced using intermediates of the TCA cycle. Thus each EFM producing succinyl-CoA needs an additional flux through the subsystem producing one of these intermediates.
Predicting novel pathways
EFM analysis can identify previously unrecognized pathways. Consider again the example network shown in Figure  2 . Two out of the computed 16 EFMs in [4] correspond to complete oxidation of glucose to CO 2 . One of them is the usual catabolic degradation of glucose via the TCA cycle. The other mode uses the glyoxylate shunt in catabolic mode. The OAA (oxaloacetate) produced by malate dehydrogenase (reaction from Mal to OAA in Figure 2 ) is used in equal fractions by the enzymes leading to citrate and PEP (phosphoenolpyruvate). PEP is converted into pyruvate before conversion into acetyl-CoA with loss of a second CO 2 . A similar, somewhat larger, pathway was predicted for E. coli previously [24] . This theoretical prediction has been confirmed experimentally [25] ; these authors found this pathway in E. coli growing slowly at low glucose concentrations and termed it the PEP-glyoxylate cycle. Preliminary observations on the protein abundances of the enzymes involved in that pathway have been presented in [26] . Since the enzymes involved in this pathway are present in many micro-organisms, it can be supposed that it not only operates in E. coli [27] . For example, there are indications for its relevance in Mycobacterium tuberculosis under glucose limitation [27a] . The prediction of this pathway can be considered as an impressive success story of metabolic pathway analysis (for a review of this and two other cases of successful predictions in theoretical biology, see [28] ).
Although the PEP-glyoxylate cycle could be predicted by analysing a network of limited size, other predictions have been made in genome-scale networks. One example concerns the long-standing question in biochemistry whether evenchain fatty acids can be converted into sugar in humans and animals. The pathway opposite to the conversion of glucose into fatty acids cannot be used because pyruvate dehydrogenase (reaction from Pyr to AcCoA in Figure 2 ) is irreversible. There is another connected route via the TCA cycle and, indeed, radioactive labelling experiments show that part of the tracer from labelled fatty acids arrives at glucose [29] . However, in organisms in which the glyoxylate shunt is absent, such as humans and all animals except nematodes, that route cannot operate at steady state because it is not balanced stoichiometrically [29, 30] . This can be seen by inspecting the consumption and production of OAA within the TCA cycle (Figure 2) . In each cyclic turnover in the TCA cycle, one molecule of OAA is consumed and one molecule is produced. Thus, at steady state, no OAA molecule is left to be converted into glucose. Another explanation is that, although two carbon atoms enter the TCA cycle in the form of an acetyl group derived from β-oxidation of fatty acids, another two carbon atoms are lost in one turn of the cycle. This network has recently been suggested as a benchmark system for metabolic pathway analysis tools [30] .
From the above considerations, the interesting question arises whether gluconeogenesis from fatty acids is feasible in large-scale networks. We have recently analysed this by using the metabolic reconstruction of human metabolism [16] . We have indeed found several pathways that are stoichiometrically balanced. All of them run via acetone. A detailed presentation of these pathways will be given elsewhere. Such gluconeogenic pathways have been mentioned previously on an anecdotal basis [31, 32] .
Moreover, we analysed a genome-scale model of E. coli [12] using the concept of elementary flux patterns [22] . We have found several pathways that are novel or did not receive sufficient attention previously. One of them is the GABA (γ -aminobutyric acid) shunt. This is a bypass of part of the TCA cycle. Although the shunt has been discussed in detail for plants [33] , its role in bacteria is so far unclear. Two other pathways correspond to the conversion of purines into glyoxylate and, from there, to 2-phosphoglycerate and 3-phosphoglycerate.
Outlook
In the present paper, we have briefly discussed two methods (EFMs and elementary flux patterns) for predicting novel biochemical pathways. Of course, not all putative pathways need to be relevant in the real system, because some of the enzymes involved might be down-regulated or the maximal capacity might be very low. There is an interesting analogy to polynomial equations of degree n > 1. Usually, not all of the n solutions of such equations are physically, biologically, etc. relevant. Moreover, a certain analogy to semi-decidability in computer science [34] might be drawn. Some questions (such as whether substrate A can be transformed into product B) can have a positive answer when a limited system is studied, whereas it cannot have a negative answer because the answer might be positive in a larger system. This provides a strong motivation for studying whole-cell models.
It can be considered a major progress that all pathways that could operate in principle in a given cell type can be determined. The final answer can then be given only by experimental verification. This is an example of a fruitful interaction between the experimental and theoretical branches of systems biology.
One of the examples analysed concerns the question by which efficiency gluconeogenesis from even-chain fatty acids is feasible in humans. This is of high relevance in biochemistry, biotechnology and nutritional sciences. For example, it is related to the efficacy of nearly carbohydrate-free diets. Even in the presence of lipid reservoirs, such diets or fasting imply problems for several cell types, such as brain cells and erythrocytes, that require glucose.
We feel that the methods presented above provide a very powerful apparatus for systems biochemistry. In view of the size of metabolic maps and the immense number of different organisms, there is an enormous field of promising future research.
